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1 Experimental

1.1 Preparation of silica/CB/ATD model
composite

Silica and CB were pretreated with Soxhlet extraction in
acetone for 24 h and then dried in a vacuum oven (40°C)
to constant weight. Pretreated silica (7.5 g), pretreated CB
(7.5 g), ATD (6 g) and p-xylene (300mL) were added into
a round bottom flask equipped with a reflux condenser
and a magnetic bar. The reaction mixture was heated to
reflux (138°C) for 1 h with stirring and then cooled down
to room temperature. After centripetal separation, the
solid was purified by Soxhlet extraction in ethanol for
12 h to remove the solvent and unreacted ATD. Then
silica/CB/ATD model composite was dried in a vacuum
oven (40°C) to constant weight in 7.5% grafting ratio.

1.2 Preparation of IR/ATD/silica/CB model
composite

IR, silica, CB and ATD with mass ratio of 100/50/50/20
were mixed by a two-roll open mill at 170°C for 10 min.
The mixture was purified by Soxhlet extraction in ethanol

for 12 h to remove the unreacted ATD. Then IR/ATD/
silica/CB model composite was dried in a vacuum oven
(40°C) to constant weight in 3.4% grafting ratio.

2 Measurements

Fourier transformation infrared (FT-IR) spectra of model
composites were recorded on a Nicolet iS10 spectrometer.
Thermogravimetric analyses were performed under nitrogen
atmosphere using a METTLER TOLEDO TGA/DSC1 1100SF
thermal gravimetric analyzer according to ISO 11358-1 (tem-
perature range 40–850°C, heating rate 10°C/min). X-ray
photoelectron spectra (XPS) were carried out on an Escalab
250Xi X-ray photoelectron spectroscopy with binding energy
284.5 eV of carbon as a referenced standard (Al-Kα X-ray
source, operating power 250W, operating voltage 14 kV).
Iodine adsorption number was measured according to
ASTM D1510. Grafting ratio was calculated by weighting
model composite before and after modification.

3 Results and discussion

3.1 Silica/CB/ATD model composite

Silica/CB/ATD model composite was prepared to investi-
gate the surface modification of silica and CB with multi-
functional silane coupling agent ATD. The purified model
composite was characterized by FT-IR spectrometry,
TGA, and XPS. The FT-IR spectra of silica/CB/ATD model
composite are shown in Figure S1a and the band assign-
ment is shown in Table S1. The peaks at 2,955, 2,920,
2,850, 1,457, and 1,390 cm−1 appeared, corresponding to
the C–H absorption from ATD grafted onto the surface
of silica and CB. The appeared peaks at 1,580 cm−1 is
assigned to the N–H absorptions from grafted ATD. The
introduction of ATD onto the filler surface also changed
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Figure S1: FT-IR spectra (a), TGA curves (b), and XPS spectra (c) of
silica/CB/ATD model composite.

Figure S2: FT-IR spectra (a), TGA curves (b), and XPS spectra (c) of
IR/ATD/silica/CB model composite.
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the thermal property of silica/CB/ATD model composite,
as shown in Figure S1b. Introduction of 7.5 wt% ATD
resulted in decrease by 248°C in Td,5% and increase by
2.63% in weight loss of silica/CB/ATD model composite
(Td,5% = 351°C, weight loss 28.66%), respectively, compared
to unmodified silica/CB (Td,5% = 599°C, weight loss 26.03%).
This is supported by the iodine absorption value of
silica/CB/ATD model composite, which increased to
161.4 g/kg, significantly larger than that of silica/CB
(28.9 g/kg). In the XPS spectra of silica/CB/ATD model
composite (see Figure S1c), binding energy peaks of N 1s
(399.9 eV), S 2s (227.5 eV), and S 2p (163.6 eV) appeared (3).
Meanwhile, the contents of C atom, N atom, and S atom
increased whilst the contents of O atom and Si atom
decreased (in Table S2), demonstrating that ATD has been
introduced onto the surface of silica and CB.

3.2 IR/ATD/silica/CB model composite

IR/ATD/silica/CB model composite was also prepared to
investigate the modification of IR/silica/CB composite with
ATD. As seen in the FT-IR spectra of IR/ATD/silica/CB
model composite (in Figure S2a), the change in peak
shape at 790 cm−1 is assigned to the deformation vibra-
tions of N–H and Si–O from grafted ATD. Such introduction

of 3.4wt% ATD resulted in decreases by 16°C in Td,5%
and by 2.90% in weight loss for IR/ATD/silica/CB
model composite (see Figure S2b, Td,5% = 325°C, weight
loss 57.06%), respectively, compared to unmodified
IR/silica/CB composite (Td,5% = 341°C, weight loss 59.96%).
Similarly, binding energy peaks of N 1s (400.0 eV), S 2s
(227.5 eV) and S 2p (163.7 eV) appeared in the XPS spectra
of IR/ATD/silica/CB model composite (see Figure S2c).
The contents of C atom, N atom and S atom increased
whilst the contents of O atom and Si atom decreased
(see Table S2).
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Table S1: FT-IR characteristic bands of silica/CB/ATD model composite

Band position (cm−1) Assignment Reference

1,390 Symmetrical deformation vibration of –CH3 (2)

1,457 Asymmetrical deformation vibration of –CH3 (2)

1,580 deformation vibration of N–H (1)
2,850 Symmetrical stretching vibration of –CH2– (2)

2,920 Asymmetrical stretching vibration of –CH2– (2)
2,955 Asymmetrical stretching vibration of CH3– (2)

Table S2: Surface chemical element constitution of silica/CB/ATD model composite and IR/ATD/silica/CB model compositea

Samples C (%) O (%) Si (%) S (%) N (%)

Silica/CB/ATD model composite Before modification 46.88 36.30 15.91 0.00 0.91

After modification 51.13 29.65 14.14 1.45 3.63

IR/ATD/silica/CB model composite Before modification 69.10 19.62 10.54 0.21 0.53

After modification 70.59 16.85 8.89 1.44 2.23

aMeasured by XPS with 0.01 atom% sensitivity.
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